Phosphatidylinositol 3-kinase (PI3K) has emerged as a critical component of multiple immune system intracellular signalling pathways. The levels and relative ratios of PI3K products, phosphatidylinositol (3,4) bisphosphate (PI(3,4)P 2 ) and phosphatidylinositol (3,4,5) trisphosphate (PIP 3 ), are regulated by inositol phosphatases such as Pten and SHIP. Interestingly, mice heterozygous for Pten, a 3 0 -inositol phosphatase, develop a progressive lymphoproliferative syndrome with autoimmune features. Given the importance of PIP 3 species in regulating immune responses, we hypothesized that heterozygosity for the 5 0 -inositol phosphatase SHIP might exacerbate the autoimmune phenotype of Pten +/À mice. In keeping with this, mice heterozygous for both Pten and SHIP developed lymphoproliferation, hypergammaglobulinaemia, autoantibody titres and renal pathology that were more severe than that of Pten +/À mice. These results suggest that the relative levels of phosphatidylinositol phosphatases are likely critical to immune system homeostasis and they also highlight the potential for gene dosage effects in regulating susceptibility and/or severity of autoimmunity.
Introduction
The immune system must balance the ability to mount brisk immune responses against foreign antigens with the inappropriate recognition of self-antigens. Chronic autoimmune diseases such as systemic lupus erythematosus (SLE) likely result from the failure of a variety of different immunoregulatory mechanisms (reviewed in Kotzin 1 ). While the primary immunological defects responsible for the progression of human SLE are poorly understood, susceptibility appears to be influenced by complex genetic inheritance, resulting from the combined effects of alleles at multiple genetic loci. 2, 3 Identification of candidate susceptibility genes for human autoimmunity has been facilitated by studying mouse strains prone to autoimmune diseases, and also by generating transgenic mice having disruptions of genes involved in the regulation of the immune system (reviewed in Foster 4 ). Some of the genes implicated in tolerance include those encoding proteins that regulate antigen receptor signalling. For example, an autoimmune phenotype results from the over-expression of CD19, a co-receptor that augments signals from the B-cell receptor (BCR), and also from the deletion of the FcgRIIB inhibitory receptor responsible for the recruitment of molecules that attenuate BCR signalling. 5, 6 It is well established that the strength of antigen receptor signals is a key determinant in tolerance induction, as it dictates the positive and negative selection of B and T cells. 7 As the proteins involved in antigen receptor signalling must operate within complex biochemical pathways, it is plausible that quantitative or qualitative perturbations owing to heterozygosity of multiple genes might have additive or synergistic effects with respect to immune regulation. In keeping with this notion, studies of compound heterozygote mice have revealed the importance of threshold levels of proteins in controlling immune responses. 8, 9 The phosphatidylinositol 3-kinase (PI3K) pathway which is activated following BCR and TCR stimulation 10, 11 is well poised to regulate immune responses through antigen receptor signalling via the generation of phosphatidylinositol (3,4) bisphosphate (PIP 2 ) and phosphatidylinositol (3,4,5) trisphosphate (PIP 3 ). These reaction products allow translocation of multiple pleckstrin homology (PH) domain-containing proteins to the membrane, and these in turn regulate downstream events such as proliferation, apoptosis, protein synthesis, and cell shape (reviewed in Chan et al 12 and Martin 13 ). The levels of PIP 3 and PIP 2 are regulated via the actions of Pten, a 3 0 -inositol phosphatase, and SHIP, a 5 0 -inositol phosphatase 14, 15 and recent studies have provided evidence of a role for negative regulators of PIP 3 in the maintenance of immune tolerance. While complete deletion of Pten results in embryonic lethality, [16] [17] [18] Pten +/À mice develop an autoimmune phenotype characterized by lymphadenopathy and splenomegaly that has been attributed to defective B-and T-cell apoptosis. 19 These mice also demonstrated autoimmunity, developing antibodies against nuclear antigens as well as immune complex-mediated glomerular disease. Immunopathology of Pten +/À mice was worsened when both alleles of Pten were deleted in the T-cell compartment. 20 Additionally, mice expressing a constitutively active form of PI3K specifically in T cells developed a phenotype similar to that of Pten +/À mice, 21 providing further evidence that the deregulation of phosphatidylinositol levels in this cell type can promote the development of autoimmunity.
Assuming that it is the altered level of inositol phosphatase activity that promotes the autoimmune phenotype of Pten +/À mice, we hypothesized that reduced expression of SHIP, achieved by generating mice doubly heterozygous for both Pten and SHIP, might lead to a worsening of the Pten +/À phenotype. Based on total and subtype-specific immunoglobulin levels, lymphoproliferation, autoantibody titres, and kidney pathology, we demonstrate that heterozygosity for both genes aggravates the immunopathology of Pten +/À mice. Figure 1d ). The majority of glomeruli in these females were hypercellular and lobular in appearance, and were surrounded by interstitial inflammatory infiltrates. Examination at the EM level (data not shown) revealed small, mesangial, electron-dense deposits and normal glomerular basement membrane (GBM) architecture in the wild-type and SHIP +/À kidneys. Pten +/À kidneys showed a moderate number of medium-sized electron dense deposits in the mesangium and minor GBM irregularities, while Pten +/À SHIP +/À glomeruli contained small and mediumsized deposits in the mesangium, as well as scattered Immunopathology in Pten +/À SHIP +/À mice JL Moody et al small subepithelial, intramembranous and subendothelial deposits. Additionally, in the latter, there was fusion of the foot processes, and the glomerular capillaries contained occasional infiltrating monocytes, lymphocytes and neutrophils. The distribution of electron-dense deposits throughout the structure of the glomeruli in these mice was consistent with immune complexmediated damage, as was the presence of inflammatory infiltrates within and surrounding the glomeruli.
Results and discussion

Elevated immunoglobulin levels in Pten
+/À SHIP +/À mice As B-cell hyper-responsiveness and hypergammaglobulinaemia appear to be contributing factors in murine lupus 22 we examined circulating Ig levels. Analysis of serum Ig levels at 24 weeks revealed that Pten
mice produced on average B325% of wild-type Ig compared to B194% for Pten +/À mice, and B132% for SHIP +/À mice (Figure 2a ). This was also accompanied by statistically significant increases in IgG 2b , IgM, IgG 1 , IgG 3 and IgE subclasses (Figure 2b-f) . Notably, the highest levels of these subclasses were generated in the Pten +/À SHIP +/À females, consistent with the gender bias seen in total IgG levels in the Pten +/À mice. 19 These increases correlated well with the severity of the kidney pathology seen in the female Pten 
The identity of these antinuclear antibodies was investigated by assessing the reactivity towards dsDNA and core histone proteins. As with the ANA test, various degrees of reactivity against histone H1 were seen in all four groups. In order to quantitate the reactivity of each animal, densitometric analysis was performed on the western blot films. Approximately 55% (5/9) of the Pten ) from the colony (data not shown), suggesting that anti-dsDNA antibodies might arise over time.
The reactivity and specificity of autoantibodies observed in Pten +/À SHIP +/À mice are of interest. In both human and animal models of SLE, it is well known that autoantibodies to chromatin components such as DNA and histones commonly accompany the development of glomerulonephritis and flares of the disease. [25] [26] [27] Indeed, there is evidence that antibodies to histones and dsDNA participate in the pathogenesis of glomerulonephritis (reviewed in Berden 25 ). The presence of antihistone antibodies in these mice in the absence of antibodies to dsDNA is consistent with the observation that histone autoantibodies precede the appearance of anti-dsDNA in MRL/lpr mice 27 .
Thus, it appears that the Pten +/À and Pten +/À SHIP +/À mice develop a pattern of antichromatin antibodies similar to that of a spontaneous model of SLE and glomerulonephritis. The presence of high levels of various isotypes in the absence of germinal centres is also noteworthy, given the requirement for effective B-T-cell interactions in isotype switching. This is a feature of other autoimmune strains such as MRL/lpr, 28, 29 and may reflect relative Bcell independence from T-cell help, the existence of germinal centres in less affected nodes, or the persistence of plasma cells generated prior to nodal architecture disruption. cells as compared to the other genotypes. Although the differences in Akt phosphorylation levels between the various genotypes were relatively modest, the trend of increased activation may in fact be sufficient to bring about the observed phenotype over time. These results provide an indirect read-out for PIP 3 levels and are also in keeping with the relative resistance of the splenocytes of Pten +/À SHIP +/À to death in vitro (Figure 4a ). Inasmuch as Pten and SHIP share the property of negatively regulating PIP 3 levels, targeted disruption of these genes results in very different phenotypes. Unlike Pten À/À mice, SHIP À/À mice are viable. They do, however, have defects in B-cell development, enhanced B-cell function in the periphery and develop a progressive and fatal myeloproliferative disorder. [31] [32] [33] In contrast with the lymphoproliferative and autoimmune disorder seen in the Pten +/À mice, SHIP +/À mice have no reported phenotype. The latter may imply a more important role for Pten activity in the immune system, and may also be attributable to a number of factors including enzyme kinetics, subcellular localization, expression levels, or the efficacy of compensatory proteins such as SHIP2 and the recently reported TPIP 34 . Indeed, a recent study Immunopathology in Pten +/À SHIP +/À mice JL Moody et al evaluating suppressor and enhancer genes that alter the phenotype of Btk transgenic B cells supports a greater role for Pten in the regulation of proliferative pathways than that of SHIP. 9 In that study, Pten heterozygosity was able to suppress a proliferative defect in B cells expressing reduced Btk protein levels, and this effect was comparable to that achieved by the complete absence of SHIP.
The study of compound heterozygosity of genes within the same pathway has the potential to reveal which proteins regulate threshold levels for immune system activation. This approach was successfully used to study the dosage effects of various proteins downstream of the BCR, leading to the conclusion that limiting amounts of proteins within the same pathway have the potential to alter B-cell responses both in vivo and in vitro. 8, 9 We have similarly utilized a compound heterozygote to address the role of changes in phosphatidylinositol phosphatase levels in vivo. The exacerbation of the Pten +/À autoimmune phenotype caused by the introduction of SHIP heterozygosity lends further support to the importance of PIP 3 levels in immune system To assess reactivity against histone proteins, purified calf histone protein was run in a wide comb through an SDS acrylamide gel and transferred to nitrocellulose. Equal-sized strips were cut from the blot and incubated with dilutions of sera from the different groups. The blot strips were then incubated with antimouse-HRP and developed as immunoblots. The reactivity against the histone protein was then quantitated using ImageQuant software and arbitrary densitometric units (AU) were assigned based on the intensity of the signal. The wild-type population showed a normal distribution with a mean of 100 AU and an s.d. of 85. Given this distribution, we considered any AU score above 185 to be significantly elevated. The graph indicates the percentage of mice of each genotype with AU scores greater than 185. n ¼ 11 wild-type, n ¼ 11 SHIP Immunopathology in Pten +/À SHIP +/À mice JL Moody et al function. It is intriguing that some of the mouse susceptibility genes for SLE are syntenic with human SLE susceptibility genes identified by linkage analysis. 2 Cowden syndrome, a cancer predisposition syndrome in which patients carry heterozygous mutations in Pten, has not been reported to be associated with autoimmunity. Interestingly however, there has been a report of an individual with a mutation in Pten having, both Cowden and Sjö gren syndromes. 35 Also of potential relevance, another study has identified a human SLE locus in 2q37, 36 a region containing human SHIP. It remains to be determined whether mutations in components of PI3K pathways will be of relevance to human SLE.
